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26
Elevated plasma triglycerides increase the risk for car-27 diovascular disease directly [1] [2] [3] , or indirectly by decreas- obesity [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , which is most practically measured by waist 37 circumference [24] ; (2) the relationships are stronger in men 38 than women [25, 26] , in whites than blacks [27] [28] [29] [30] , and in E-mail address: ptwilliams@lbl.gov (P.T. Williams).
To our knowledge, the relationships of body fat with 41 triglycerides have always summarized by a single regres-42 sion line or curve [34] . The curve represents the expected 43 lipoprotein level at a given fatness, and deviations from 44 the curve are presumed to represent random variation or 45 error. If the assumption about the deviations (residuals) 46 does not apply, the single regression curve may ignore 47 important aspects of the relationships that are germane 48 to their physiological understanding and public health 49 significance.
50
This paper examines the relationship of adiposity to the 51 distribution of plasma triglycerides (e.g., 5th, 10th, 25th, 52 50th, 75th, 90th and 95th triglycerides percentiles) in order 53 to determine whether a single regression curve is sufficient 54 for describing these relationships. The analyses are based 55 on simple descriptive statistics (bivariate regression slopes) 56 which are easily interpreted and dependent upon the fewest 57 possible assumptions. In the discussion, we speculate that 58 the findings may suggest a common interpretation for some 59 women: <33.5, 33.5-34.5, 34.5-35.5, 35.5-36.5 and 111 >36.5 in.). These categories were selected to cover compa-112 rable width intervals and to provide a sufficient number of 113 observations for estimating percentiles. The intervals were 114 defined prior to the analyses. Within each distance category, 115 we estimated the 5th through the 95th percentiles of the 116 triglyceride distribution.
117
Simple least-squares regression analysis was used to esti-118 mate the rate of change at each triglyceride percentile across 119 the five fatness categories. We applied simple linear regres-120 sion to the five bivariate observations consisting of the av-121 erage adiposity (independent variable) and the ith percentile 122 of the triglyceride level within each fatness category (de-123 pendent variable) to estimate the change in triglycerides 124 per unit of adiposity at the ith percentile. Since the usual 125 underlying statistical assumptions presumably do not ap-126 ply for percentiles (particularly those representing the tails 127 of the distribution), we calculated the standard errors and 128 significance levels with bootstrap resampling [38] . Boot-129 strap estimates were created as follows: (1) within each of 130 the five fatness categories, sampling with replacement was 131 used to create a bootstrap data set of adiposity and triglyc-132 erides; (2) within each fatness category, we then determined 133 the average adiposity and triglycerides corresponding to the 134 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles for 135 the bootstrap sample; (3) least squares regression was ap-136 plied to estimate at each percentile the apparent change in 137 triglycerides per unit of adiposity across the five fatness 138 categories; (4) steps (1)-(3) were repeated 10,000 times. 139 This yielded 10,000 regression slopes (one for each boot-140 strap sample). The average and the standard deviation of 141 the 10,000 regression slopes provides the bootstrap esti-142 mate of the regression slope and its standard error at the ith 143 percentile.
144
If adiposity causes the same triglyceride change regard-145 less of whether the individual's triglycerides is relatively 146 high or low, then the regression slopes for the 5th, 10th, 147 25th, 50th, 75th, 90th and 95th percentiles will be the same 148 (i.e., parallel). Different (i.e., nonparallel) regression slopes 149 could indicate that the metabolic processes associated with 150 adiposity affect various portions of the triglyceride distribu-151 tion differently. Bootstrap resampling was used to estimate 152 the difference between two regression slopes (e.g., the 75% 153 slope minus the 25% slope) and its corresponding standard 154 error. Bootstrap resampling was also used to test whether 155 the slopes increased or decreased progressively from the 5 156 to 95% of the triglyceride distribution. This was done by 157 constructing a numerical contrast among the slopes that in-158 creased linearly across 7 percentiles (i.e., −45 × TG5% − 159 40 × TG10% − 25 × TG25% + 0 × TG50% + 25 × TG75% + 160 40 × TG90% + 45 × TG90%).
161
Bootstrap estimates and standard errors for the regression 162 slopes, differences in regression slopes, and linear contrasts 163 across regression slopes were based on 10,000 bootstrap 164 samples. Two-tailed significance levels were calculated as 165 2 × minimum(p, 1 − p), in which p is the proportion of 166 ATH 8506 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] times that the bootstrap slopes, difference in slopes, or linear 167 contrasts were less than zero.
168
We verified that the statistics and software did not pro- 
Results
197
The sample consisted of men and women who on av- 
Relationship of adiposity to percentiles of the
219
triglyceride distribution 220 Table 1 displays the regression slopes (±S.E.) relating dif-221 ferent percentiles of the plasma triglyceride distribution to 222 BMI and circumferences of the waist, hip and chest. In men, 223 the rises in triglyceride associated with BMI, waist circum-224 ference and hip circumference were all statistically signifi-225 cant for the 5th, 10th, 25th, 50th, 75th, 90th, and 95th per-226 centiles of the triglyceride distribution. Men's triglycerides 227 also increased in association with chest circumference for 228 all percentiles except the 5th.
229
For all four adiposity measurements, the rise in men's 230 triglyceride at the 95th percentile was much greater than 231 the rise at the 5th percentile (steeper slope). The statistical 232 tests for progressive increases in slope from the smallest to 233 largest percentiles were all significant (all P < 0.0001 ex-234 cept hip circumference, which was P = 0.02). The rise in 235 plasma triglycerides per kg/m 2 of BMI was 14-fold greater 236 at the 95th percentile than at the 5th percentile (slope ± 237 S.E.: 0.188 ± 0.018 mmol/l versus 0.013 ± 0.003 mmol/l, 238 Fig. 2 ). Per meter increase in body circumference, the ap-239 parent increases in plasma triglyceride concentrations at the 240 95th vis-a-vis the 5th percentile were 7.8-fold higher for 241 waist, 3.6-fold higher for hip, and 4.4-fold higher for chest. 242 There were strong relationships between women's triglyc-243 erides and their BMI (P < 0.001 at all percentiles), and 244 somewhat weaker relationship with waist (P < 0.01 for all 245 percentiles), and chest circumference (P < 0.05 between the 246 10th and 95th percentiles). The increase in women's triglyc-247 erides became progressively greater from the 5th through 248 the 95th percentiles for both BMI and waist circumference 249 (P < 0.0001). As a function of BMI, the increase in triglyc-250 erides was nearly 8-fold higher at the 95th percentile than 251 at the 5th percentile. Waist circumference was unrelated to 252 ATH 8506 1-10 women's triglycerides at the 5th percentile, but exhibited were related to plasma triglyceride concentrations at the me-259 dian (only marginally), but not other percentiles.
260
Tables 2 and 3 present the pairwise comparisons between 261 slopes at different percentiles of the triglyceride distribu-262 tion. For men's BMI, the slopes were always significantly 263 greater for the higher percentiles than for all lower per-264 centiles. The slopes for men's waistlines were also always 265 significantly greater at the higher percentile with the excep-266 tion of the extremes (90th versus 95th or 5th versus 10th). In 267 women, slopes for BMI versus triglycerides above the me-268 dian were always significantly greater than triglycerides at 269 lower percentiles, except for the most proximal percentile. 270 Women's waist circumferences showed a stronger relation-271 ship to plasma triglycerides above the triglyceride median 272 than below. The slopes for chest circumferences reflected 273 many of the same pairwise differences as noted for BMI and 274 waistline. Pairwise comparisons among the slopes for hip 275 circumference were only occasionally significant (men) or 276 all nonsignificant (women).
277
Fig . 3 plots the regression slope for the rise in plasma 278 triglyceride concentrations per unit of adiposity at every 279 percentile between the 5th to the 95th percentile of the 280 triglyceride distribution. In men, the slope for triglycerides 281 versus BMI and chest circumferences increases linearly 282 below the 64th and 69th percentile, and then accelerates 283 rapidly for higher percentiles. The slope for women were 284 the same as for men at the 5th percentile, but rose less 285 ATH 8506 1-10 Results from 10,000 bootstrap samples. Significance levels for the differences between two regression slopes are coded. * P < 0.05. * * P < 0.01. * * * P < 0.001.
rapidly than observed for men through the 84th percentile, 
294
The difference in slopes between sexes was significant be- To test whether these differences in male and female curves 299 are due to the fact that at any given percentile, women have 300 a lower triglyceride value than men (Fig. 1 and waist, and all of the difference in the curves for chest 313 circumferences.
314
Differences in slopes from the lowest to the highest 315 triglyceride percentiles often persisted when the data were 316 transformed into logarithms (Table 4) . Waist circumfer-317 ences in both men and women, and BMI and chest circum-318 ference in men continue to exhibit significant progressive 319 increases in slope from the 5th through the 95th percentiles. 320 However, logarithmic transformation eliminated both the 321 difference in slope across percentiles for women's BMI, 322 and also the marginally significant differences across per-323 centiles for men's hip circumference and women's chest 324 circumference.
ATH 8506 1-10 Results from 10,000 bootstrap samples. Significance levels for the differences between two regression slopes are coded. * P < 0.05. * * P < 0.01. * * * P < 0.001.
Discussion
325
When the relationship between triglycerides and adipos- 7.8-fold greater for waist circumference, 3.6-fold greater for 343 hip circumference, and 4.4-fold greater for chest circumfer-344 ence. The rise in women's triglyceride concentrations at the 345 95th percentile was 8-fold greater than at the 5th percentile 346 for each kg/m 2 increase in BMI. If the increase in plasma 347 triglycerides with adiposity is substantially different for dif-348 ferent percentiles of the triglyceride distribution, then simple 349 conclusions, such as whether triglycerides are more strongly 350 related to waist circumference in men than women, become 351 complex. Fig. 2 shows that BMI has a stronger apparent ef-352 fect on triglycerides at higher percentiles of the triglyceride 353 distribution, but this is less true for the lower percentiles. 354 The sexual difference is also diminished when the regression 355 slopes are matched on the basis of their triglyceride levels 356 rather than percentile. The regression slope for triglycerides 357 versus BMI is the same for women at the 59th percentile 358 of their triglyceride distribution (0.033 ± 0.007 mmol/l per 359 kg/m 2 ) and men at the 25th percentile of their distribution 360 (0.033 ± 0.003 mmol/l per kg/m 2 ). Thus, whether adipos-361 ity has a greater effect on triglycerides in men then women 362 depends upon the percentile of their triglyceride distribu-363
ATH 8506 1-10 tion. This is never the case under the classical assumption 364 of parallel slopes (i.e., the difference in the apparent effect 365 is assumed to be always the same).
366
The traditional regression slope overestimated the effect to the rates for percentiles falling slightly above the median 387 (56th, 60th and 53rd percentiles, respectively).
388
We speculate that the dependence we observed between 389 the slope of the triglyceride-adiposity relationship and the . In another study, waist circumference 409 was associated with triglycerides in white males (whose 410 mean triglycerides were 135 mg/dl) but not black males 411 (whose mean triglycerides were 114 mg/dl) [30] . The racial 412 differences described in these report may reflects in part 413 the properties of the triglyceride-adiposity relationship and 414 the race-specific triglyceride levels (this does not preclude 415 other metabolic differences in the triglyceride-adiposity 416 relationships between blacks and whites). We also speculate that the dependence between the slope 
432
Plasma triglyceride concentrations are not normally dis-433 tributed; they exhibit a strong degree of skewness in both 434 men and women (in women, a skewness of 10.74 and a 435 kurtosis of 255.59). However, we have demonstrated that 436 nonnormality (skewness and kurtosis) does not explain why 437 the regression slopes at different percentiles of the triglyc-438 eride distribution were not parallel (i.e., the nonsignificant 439 test statistic for the reconstructed data described in Section 440 2). Table 4 shows that the logarithmic transformation does 441 not eliminate many of the differences in the regression slope 442 between the 5th, 10th, 25th, 50th, 75th, 90th and 95th per-443 centiles of the triglyceride distribution.
444
In this paper, we have shown that the relationship of 445 plasma triglycerides to adiposity varies depending upon 446 whether the plasma concentrations are high or low rela-447 tive to other in the population. Standard statistical tech-448 niques such as multiple regression analyses assume that 449 the same relationship applies throughout the distribution. 450 If it does not, then the usual description of the of the 451 triglyceride-adiposity relationship by a single regression 452 slope or correlation coefficient becomes insufficient, as does 453 comparisons between sexes (or other groups), and the mean-454 ing of statistical adjustment becomes problematic (there are 455 three relationships that go into estimating the independent 456 effects of waist circumference and BMI on triglycerides, 457 and our unpublished data suggests that all three appear to 458 deviate significantly from the classical model).
459
We recognize that runners are not typical of the general 460 population, and the results may not be representative of a 461 more sedentary population. However, the sample includes 462 both moderately overweight and overweight individuals, and 463 we expect that the biological causes that link adiposity to 464 triglycerides in physically active individuals may be relevant 465 to those less active. Our study suggests that triglyceride con-466 centrations are significantly associated with circumferences 467 of the waist and hip and BMI even in lean, physically ac-468 tive men and women. It remains to be verified whether the 469 relationship described in this paper for different percentiles 470 of the triglyceride distribution also apply to less active pop-471 ulations.
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